The Seyfert galaxy NGC 5515 has double-peaked narrow-line emission in its optical spectrum, and it has been suggested that this could indicate that it has two active nuclei. We observed the source with high resolution Very Long Baseline Interferometry (VLBI) at two radio frequencies, reduced archival Very Large Array data, and reanalysed its optical spectrum. We detected a single, compact radio source at the position of NGC 5515, with no additional radio emission in its vicinity. The optical spectrum of the source shows that the blue and red components of the double-peaked lines have very similar characteristics. While we cannot rule out unambiguously that NGC 5515 harbours a dual AGN, the assumption of a single AGN provides a more plausible explanation for the radio observations and the optical spectrum.
INTRODUCTION
It is widely accepted that most massive galaxies harbour supermassive black holes (SMBHs) in their centres (Salpeter 1964; Lynden-Bell 1969) . In hierarchical structure formation models, interactions and mergers between galaxies play an important role in their evolution and consequently in the growth of their central SMBHs. Thus, it is expected that a particular phase in the merging process, namely systems with dual SMBHs exist in the Universe.
In such systems, one or both of the SMBHs may be active; several studies suggest that the merging process can cause enhanced accretion onto the central SMBHs and thus initiate "activity" (e.g. Di Matteo et al. 2005 ). High-resolution particle hydrodynamical simulations (Van Wassenhove et al. 2012) suggest that simultaneous activity is mostly expected at the late phases of mergers, at or below 10 kpc-scale separations. Therefore dual active galactic nuclei (AGN, with two active SMBHs in a merger system) are expected to be observed. So far, only a few con-⋆ E-mail: gabanyi@konkoly.hu † LAMOST fellow vincing cases of dual AGN are known (e.g. Komossa et al. 2003; Rodriguez et al. 2006; Bondi & Pérez-Torres 2010; Liu et al. 2010a; Shen et al. 2011; Fu et al. 2012) . In some cases (e.g. Liu et al. 2010a) , high spatial-resolution optical photometry and spectroscopy or high resolution Very Long Baseline Interferometry (VLBI) provided the unambiguous evidence of the dual system.
Originally, it was thought that the presence of doublepeaked narrow optical emission lines is indicative of the existence of dual AGN, as these lines may originate from the two distinct narrow line regions (NLR) of the two AGN (Wang et al. 2009 ). However, several studies already in the eighties (Heckman et al. 1981 (Heckman et al. , 1984 showed that doublepeaked narrow emission lines can arise due to peculiar kinematics and jet-cloud interaction in a single NLR. As of now, there is no known observational approach which could be used to select a large sample of compelling dual AGN candidates. Therefore, it is crucial to check with independent methods whether the candidate sources are indeed dual systems.
Recently, Benítez et al. (2013a) reported the serendipitous discovery of two new dual AGN candidates. They studied a sample of ten close-by, intermediate-type Seyfert galaxies chosen from the Sloan Digital Sky Survey (SDSS, Adelman-McCarthy et al. 2006) database. The intermediate-type Seyfert galaxies (spanning from Sy 1.2 to Sy 1.9) belong to Seyfert 1 galaxies as they show broad emission lines, however with decreasing intensity (Osterbrock 1981) . The role of this kind of AGN within the unified scheme is not clear. Surprisingly, half of the sample studied by Benítez et al. (2013a) showed narrow double-peaked emission lines. Based upon the line ratios (Oiii/Hβ, Nii/Hα, Sii/Hα and Oi/Hα), Benítez et al. (2013a) concluded that among the five double-peaked narrow-line emitters, two (NGC 5515 and Mrk 1469) are good candidates for being dual AGNs.
Both of the sources are radio emitters. We conducted high-resolution radio imaging observations of the brighter radio source, NGC 5515, with the European VLBI Network (EVN). The best resolution achieved was ∼ 2 milliarcseconds (mas), which corresponds to a projected linear distance of 1.04 pc in the rest frame of the source, at a redshift of z=0.0257, assuming a flat ΛCDM cosmological model with H0=70 km s −1 Mpc −1 , Ωm=0.27, and ΩΛ=0.73 (Wright 2006) . In this model, the luminosity distance of NGC 5515 is DL=112.3 Mpc.
Our observations of NGC 5515 and the details of data reduction are given in Section 2, including the analysis of archival multi-frequency data obtained with the US National Radio Astronomy Observatory (NRAO) Very Large Array (VLA). The results are presented in Section 3 and further discussed, together with the related optical data, in Section 4. The summary is given in Section 5.
OBSERVATIONS AND DATA REDUCTION

VLBI observations
We observed the nucleus of NGC 5515 with the EVN at 1.7 and 5 GHz frequencies (project codes EG070A and EG070B). The observations were conducted in e-VLBI mode (Szomoru 2008) where the participating radio telescopes are connected to the central EVN data processor at the Joint Institute for VLBI in Europe (JIVE, Dwingeloo, the Netherlands) via optical fibre networks, to allow correlation in real time. The maximum data transmission rate per station was 1024 Mbit s −1 , resulting in a total bandwidth of 128 MHz in both left and right circular polarizations, using 2-bit sampling. Both experiments lasted for 4 h. Their dates (2013 April 16 at 1.7 GHz and 2013 June 18 at 5 GHz) were chosen close to each other to minimize the effects of potential long-term source variability. At 1.7 GHz, the following 7 radio telescopes provided useful data: Effelsberg (Germany), Medicina (Italy), Onsala (Sweden), Toruń (Poland), Hartebeesthoek (South Africa), Sheshan (China), and the phased array of the Westerbork Synthesis Radio Telescope (WSRT, the Netherlands). At 5 GHz, the successfully participating 7 radio telescopes were Effelsberg, Medicina, Toruń, Hartebeesthoek, Sheshan, the WSRT, and Yebes (Spain).
NGC 5515 was observed in phase-reference mode (e.g., Beasley & Conway 1995) . By regularly changing the pointing direction of the telescopes between the target source and a sufficiently bright and compact nearby calibrator, the coherent integration time on the target can be extended and thus the imaging sensitivity improved. The quasar J1419+3821 was selected as the phase-reference calibrator, at 1.
• 68 angular separation from NGC 5515. The calibrator is one of the defining sources of the current 2nd realization of the International Celestial Reference Frame (ICFR2, Fey et al. 2009 The NRAO Astronomical Image Processing System (AIPS, Greisen 2003) was used for the data calibration in a standard way (e.g. Diamond 1995) . The visibility amplitudes were calibrated using system temperatures and antenna gains measured at the telescope sites. Fringe-fitting was performed for the calibrator source J1419+3821. The calibrator data were then exported to the Difmap package (Shepherd et al. 1994 ) for imaging. The conventional hybrid mapping procedure involving several iterations of CLEANing (Högbom 1974) and phase (then amplitude) selfcalibration resulted in an image and a brightness distribution model for the practically unresolved calibrator. Overall antenna gain correction factors (typically less than 10 per cent) were determined in Difmap and applied to the visibility amplitudes in AIPS. Fringe-fitting was repeated for the phase-reference calibrator in AIPS, now taking its CLEAN component model into account in order to compensate for small residual phases resulting from its structure. The solutions obtained were interpolated and applied to the NGC 5515 data. The calibrated and phase-referenced visibility data of NGC 5515 were imaged in Difmap.
Because the a priori position of the central radio source in NGC 5515 used for correlation was accurate to only ∼0.
′′ 5, the phase centre was shifted to the location of the brightness peak. After obtaining an initial CLEAN component model, a phase-only self-calibration was performed for 15-min solution intervals, to correct for long-period phase variations at the antennas. The source appeared the most resolved on the baselines to Sheshan, therefore data from this telescope were fixed before another CLEANing and phase self-calibration was performed, now with 5-min solution intervals. Finally, only the phases at the two most sensitive antennas, Effelsberg and the WSRT were allowed to vary when the selfcalibration solution interval was set to zero. No amplitude self-calibration was done on the target source. The total intensity images restored with the final CLEAN component models are displayed in Fig. 1 . The weights of data points were made inversely proportional to the amplitude errors, by setting uvweight 0,−1 (natural weighting) in Difmap. Figure 1 . EVN images of NGC 5515 at 1.7 GHz (left) and 5 GHz (right). The lowest negative and positive contours are drawn at around 3σ image noise levels. Further positive contour levels increase by a factor of 2. The restoring beam (full width at half maximum, FWHM) is indicated with ellipses in the lower-left corners. The coordinates are related to the brightness peak at right ascension 14 h 12 m 38. s 15423 and declination 39 • 18 ′ 36. ′′ 8162. In the 1.7-GHz image (left), the lowest contour level is ±60 µJy beam −1 , the peak brightness is 9.72 mJy beam −1 , the restoring beam is 5.82 mas × 4.03 mas with a major axis position angle 18 • . In the 5-GHz image (right), the lowest contour level is ±130 µJy beam −1 , the peak brightness is 13.24 mJy beam −1 , the restoring beam is 1.64 mas × 1.44 mas with a major axis position angle 7 • .
Archival VLA data
We also reduced VLA observations of NGC 5515 found in the NRAO archive. The source was observed in the most extended A configuration at L, C, and X bands (at 1.5, 5, and 8 GHz) in snapshot mode on 1991 Aug 24, 1992 Oct 20, and 1995 Aug 14, respectively. (The project codes were: AC301, AF233 and AM484). Additionally, the source was observed in snapshot mode at L band in B configuration on 1993 Apr 26 (project id.: AT149) as well. The on-source integration times were less than 5 min in all cases.
NGC 5515 was detected as a point source in all three bands with the following flux densities: in A-configuration S A L = (16 ± 1) mJy, SC = (16 ± 1) mJy, and SX = (29 ± 1) mJy; and in B-configuration S B L = (26 ± 3) mJy. The source was also observed with the VLA at L band in the NRAO VLA Sky Survey (NVSS, Condon et al. 1998 ) and the Faint Images of the Radio Sky at TwentyCentimeters (FIRST, White et al. 1997) surveys. The NVSS observation was conducted in D configuration in April 1995, the flux density is (28.8 ± 1) mJy. The FIRST observation was conducted in B configuration in 1994, the flux density is (19.19 ± 0.14) mJy. Fig. 1 show a single compact mas-scale radio source. Based on the slight asymmetry of the contours, there is a hint of a somewhat more extended structure in about the east-west direction. This notion is supported by the fact that the interferometer phases on the baselines from the European antennas to Hartebeesthoek (i.e. northsouth direction) appeared less noisy than on the baselines to Sheshan (east-west direction, at about the same baseline length), therefore the source seems more resolved in the latter direction.
RESULTS
Our EVN images in
To quantitatively characterize the brightness distribution of NGC 5515, we fitted Gaussian model components directly to the self-calibrated VLBI visibility data in Difmap. The parameters of the best-fitting elliptical Gaussian model components are given in Table 1 . The statistical errors are estimated according to Fomalont (1999) , assuming additional 5% flux density calibration uncertainties. The sizes of the fitted model components exceed the values obtained for the minimum resolvable angular size (e.g. Kovalev et al. 2005) in our experiments. Consistently with our previous remark on the possible extension, the major axes of the Gaussians at both frequencies closely align with the eastwest direction (i.e. position angle 90
• ; the position angles are measured from north through east). Notably, these are almost coincident with the major axis direction of the disk and the pseudobulge of the host galaxy (103-104
• , Benítez et al. 2013b) .
Based on the fitted VLBI component flux densities, the two-point spectral index is α 5 1.7 = 0.29 (where the spectral index is defined as S ∝ ν α ). This indicates a slightly inverted radio spectrum, unless the source was strongly variable between the two observing epochs separated by ∼2 months.
At 5 GHz, the WSRT data taken parallel with the EVN observation were also analyzed. The recovered flux density is 19.6 ± 0.09 mJy, close to the value obtained by EVN (Table  1) . Thus, the source is dominated by the emission from the compact core, the large-scale structure resolved out by EVN observation accounts for ∼ 3 mJy (∼ 15 per cent).
According to the archival VLA A-configuration observations, the source is significantly brighter at 8 GHz than at lower frequencies. However, the spectral index is also com- patible with a flat spectral shape as well as an inverted spectral shape (α = 0.39 ± 0.31). Moreover, there is a large temporal gap between the observations (three years), therefore intrinsic source variability may hinder the estimation of the spectral index of the source. Indeed, the variability is apparent, when comparing observations performed at the same resolution and frequency (VLA B-configuration at 1.4 GHz). The source was significantly brighter (more than 30 per cent) in April 1993 than in the FIRST survey observation conducted in 1994. Even though the spectral index cannot be calculated reliably from the archival VLA observations, the measurements agree with the source having most likely flat or slightly inverted spectrum and thus in accord with the spectral index determined from our EVN measurements. The displayed variability and the spectral shape is consistent with the radio emission coming from a compact partially self-absorbed synchrotron source (Blandford & König 1979) .
The astrometric position of the 5-GHz radio brightness peak in NGC 5515 (right ascension α=14 h 12 m 38. s 15423 and declination δ=39
• 18 ′ 36. ′′ 8162) was derived using the MAX-FIT verb in AIPS. We estimate that each coordinate is accurate to within 1 mas. The sources of the positional error are the thermal noise of the interferometer phases, the error of the phase-reference calibrator position, and the systematic error of phase-referencing observations mainly originating from the ionospheric and tropospheric fluctuations. In our case, the latter is by far the most dominant error component. The position of the brightness peak at 1.7 GHz coincides with the 5-GHz position well within the uncertainties.
A large window of 8. ′′ 2×8. ′′ 2 around the brightness peak, within the undistorted field of view, 2 was checked for additional radio emission. This size corresponds to a region of 4.25 kpc × 4.25 kpc at the distance of NGC 5515. No other compact radio component was found above the ∼6σ image noise level of 0.13 mJy beam −1 at 1.7 GHz. We also checked the field of view of the archival VLA data for possible radio sources. According to the optical SDSS image, the size of the NGC 5515 galaxy is roughly 80 ′′ × 60 ′′ . Within this range we did not detect any additional radio emitting source in the VLA images above ∼ 6σ image noise level (1-2 mJy beam −1 ).
(S is given in Jy, ϑ1 and ϑ2 in mas, and ν in GHz) using the Gaussian model parameters listed in Table 1 . The values obtained (higher than 10 9 K, see Table 1 ) clearly prove the AGN-related non-thermal synchrotron origin of the radio emission since the brightness temperatures for thermallydominated "normal" galaxies (i.e. the ones with no central active nucleus) do not exceed ∼10 5 K (e.g. Condon 1992 ). Our non-detection of any additional compact source in the field of view implies an upper limit of the radio power P 2×10 20 W Hz −1 . According to e.g. Kewley et al. (2000) and Middelberg et al. (2011) , AGN have high-luminosity cores, with power exceeding 2 × 10 21 W Hz −1 , therefore we can rule out the existence of another radio-emitting AGN in the field of view. We can thus conclude that there is no dual radio-emitting AGN in the centre of NGC 5515.
The coordinates of the detected radio source agree with the position of the optical galaxy in SDSS DR9 within the errors. (The distance between the optical and radio positions is ∼ 0.
′′ 22.) According to the SDSS, there is an optical source ∼ 9 ′′ away from the radio position, SDSS J141237.38+391835.2, at a similar redshift (z = 0.026). We checked the L-band and C-band EVN maps at the position of this source and we did not find any radio source down to a brightness limit of 150 µJy beam −1 and 200 µJy beam −1 in L band and C band, respectively. These brightness limits were calculated by taking into account the bandwidth and timeaverage smearing effects (Bridle & Schwab 1989) . There is also an X-ray source at a distance of ∼ 7
′′ from the radio position in the ROSAT All-Sky Survey Faint Source Catalog (RASS-FSC, Voges et al. 2000) . Since its positional uncertainty is 11 ′′ , it can be related to either of the two optical sources. However, given that our radio observations indicate an AGN in the nucleus of NGC 5515, the X-ray emission is most likely associated with that object.
We re-analyzed the SDSS spectrum of NGC 5515. Similarly to Benítez et al. (2013a) , we found that the narrow H β, H α, O iii, N ii, and S ii emission lines are double-peaked. The double peaks are only marginally resolved in the SDSS spectrum. Reasonable fitting was achieved by using the same fitting scheme for the other lines as derived for the S ii line. The velocities of the blue shifted and redshifted lines are 119 km s −1 and −145 km s −1 , respectively. According to Nelson (2000) , the width of the O iii line at wavelength of 5007Å (W ) can be used as a surrogate value for the velocity dispersion as σ * = W/2.35. Therefore one can use the width of the two Gaussian profiles fitted to the O iii line to estimate the masses of the two putative black holes separately in a dual AGN (e.g. Peng et al. 2011 ). In the case of NGC 5515, the velocity dispersions for the blue and red lines are σ b = (140.63 ± 15.13) km s and σr = (131.74 ± 7.9) km s −1 , respectively. Thus using the coefficients derived for pseudobulges from Gültekin et al. (2009) We compare the sum of these assumed two black hole masses with the mass estimates of Benítez et al. (2013b) who derived the black hole mass for NGC 5515 as a single black hole system using the MBH − σ * relation for galaxies containing pseudobulges (Hu 2008) , and with the scaling relation between bolometric luminosity and black hole mass (Vestergaard & Peterson 2006) Knowing the masses, we can derive the Eddington luminosities following Rybicki & Lightman (1979) :
In the scenario with two black holes separately: L (Benítez et al. 2013a ) evenly, we obtain an Eddington ratio of ∼ 10 −3 for each. Assuming instead, a scenario where a single black hole is responsible for the observed bolometric luminosity, the implied Eddington ratio is ∼ 10 −3 − 10 −4 . All these values are within the range of Eddington ratios derived for Seyfert galaxies (10 −4 − 10 −2 and 10 −4 − 10 −1 , Zhang et al. 2009; Singh et al. 2011, respectively) . Thus, based upon the mass estimates, we cannot exclude either the single or the dual black hole scenarios.
One possible explanation for the double-peaked narrow emission lines is dual AGN, but such a spectrum can also be explained as originating from biconic outflows or rotating disks on kpc scales or otherwise disturbed NLR kinematics (e.g., Liu et al. 2010b; An et al. 2013, and references therein) . In that case, it is the same single AGN which illuminates the NLR, therefore it is expected that the blue-and redshifted lines have similar characteristics. In the case of NGC 5515, both the line widths and the line ratios (Oiii/Hβ, Nii/Hα, Sii/Hα) are very similar, equal within the uncertainties, for the blue-and redshifted components. Therefore the double-peaked emission lines can be explained in a straightforward way if both components are ionized by the same source.
Recent studies (e.g., Comerford et al. 2012 ) also show that the double-peaked emission-line diagnostics alone is an inefficient way of identifying real dual AGN, but proposed that in combination with other methods such as long-slit spectroscopy and X-ray and/or radio imaging observations, dual AGN candidates can be chosen more reliably.
SUMMARY
Based upon the optical spectrum of NGC 5155, Benítez et al. (2013a) claimed that this galaxy is a good candidate for hosting dual AGN. We investigated this source using available multi-frequency radio data and new high-resolution VLBI observations conducted with the EVN. Our EVN observations revealed a compact radio emitting source with inverted spectrum, and brightness temperature exceeding 10 9 K. This radio emission clearly originates from a non-thermal synchrotron source associated with an AGN. The AGN nature of the radio emission is also in agreement with the long-term radio variability suggested by archival VLA data.
The position of the radio emitting source in our EVN maps agrees within the errors with the optical position of NGC 5155. We did not detect any additional radio source within ∼ 2 kpc of the nucleus. According to archival VLA observations, there is no additional radio emitting feature down to a brightness level of 1 − 2 mJy beam −1 in the entire region covered by the galaxy in the SDSS optical image. There is an optical source at a distance of ∼ 9
′′ from the radio position of NGC 5515. We did not detect any radio emission in our EVN maps at this position, either. Thus, we can exclude the possibility of having two radio-emitting AGN in the Seyfert galaxy NGC 5515. However, we cannot exclude from our VLBI data that a secondary radio-quiet AGN resides in the galaxy.
We re-analysed the SDSS spectrum of NGC 5155, and fitted the H α, H β, Oiii, Nii, and Sii emission lines with double-peaked profiles. The parameters obtained from the fitting of the red and blue components are very similar. The line ratios are the same for the blue and red components. Assuming a scenario with dual AGN, we estimated the black hole masses from the blue and red components of the Oiii line, and found that the sum of the inferred two black hole masses is in agreement with the total mass estimates given by Benítez et al. (2013b) . Thus, the double-peaked narrow lines in the spectrum of NGC 5155 can be explained either by assuming two SMBHs with very similar masses and ionizing properties, from which only one is radio-emitting, or more plausibly by assuming one common ionizing source residing in the NLR, a single radio-emitting AGN. Double-peaked narrow emission lines were originally thought to be a promising tool to select dual AGN, however their usefulness is severely questioned as other explanations (outflows, disturbed NLR kinematics, or a rotating disk) can equally well account for the observed spectral shapes in several cases.
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